Introduction
Advanced liver disease (LD) is characterized by post-inflammatory fibrosis and retardation of liver structure and function. Advanced LD patients generally present with ascites and exaggerated fibrinolysis, while pain, fatigue, abdominal pain are also some common secondary symptoms. 1, 2 End-stage liver disease (ESLD) refers to advanced LD along with liver failure and decompensated cirrhosis. 1 Advanced LD patients generally have low host immunity and comorbidities such as renal impairment and diabetes, and are highly vulnerable to opportunistic infections, mainly invasive fungal infections (IFIs). 3, 4 Advanced LD leads to persistent systemic inflammation, which damages the cellular structure of the reticuloendothelial system, impairs the innate immune response and ultimately renders hepatic patients immunodeficient. 5, 6 Increased numbers of dysfunctional monocytes and macrophages, the regulators of MER receptor tyrosine kinase, which are known to suppress the innate immune system, have been observed in patients with acute-on-chronic liver failure. 7 Increase in the number of these regulators is linked with severity of inflammation and disease prognosis. 7 In severe alcoholic hepatitis (sAH), there is higher immunosuppression compared to cirrhosis, which also correlates to increased incidence of infection. This is due to the enhanced immunosuppressive profile of T lymphocytes resulting from higher chronic lipopolysaccharide exposure observed in sAH ( Figure 1 ). accounts for 10% of total IFIs in cirrhotic patients. 20 Although IC may be a rare complication in hepatic patients, there is a high mortality risk if diagnosis and treatment are delayed. 20 Timely initiation of antifungal therapy is found to lower mortality rates in IC patients. 21 Table 1 lists the major risk factors for development of IC in patients with LD.
Both Infectious Diseases Society of America (IDSA) and European Society of Clinical Microbiology and Infectious Diseases (ESCMID) guidelines recommend echinocandins as the first-line therapy for the initial management of IC (suspected or proven) using a stepdown approach. 22, 23 While IDSA guidelines recommend de-escalation for fluconazole-susceptible strains when the patient becomes stable and ESCMID guidelines recommend de-escalation after 10 days of intravenous treatment, de-escalation to fluconazole is probably started much earlier than recommended in clinical practice as shown in the AmarCAND 2 trial. 24 Though these international guidelines do not differentiate amongst the three available echinocandins, there are 
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echinocandins for invasive candidiasis in liver disease and liver transplantation major differences between them largely related to the route of metabolism, half-life and safety. These are important in selecting appropriate agents in patients with LD. In this review, we have examined the epidemiology, risk factors and diagnosis of IC in patients with LD as well as in patients with liver transplantation. We have also studied the differences between three available echinocandins for treating this group of patients.
Clinical presentation of invasive candidiasis
Clinical presentations of IC in LD patients can be similar to bacterial infections. 25 However, these patients may or may not present with associated bacterial infection and rather manifest as unimpeded fever after treatment with antibiotics, septic shock, leukocytosis as well as renal failure. 26 In addition, it is difficult to differentiate spontaneous fungal peritonitis (SFP) from spontaneous bacterial peritonitis (SBP) based on ascitic fluid analysis alone. 19 Therefore, clinicians should have a high index of suspicion and risk factor analysis is highly relevant in this context. Candidemia is 10 times more common among ESLD patients compared to other LD patients (both cirrhotic and non-cirrhotic). 27 Post-liver transplantation and cirrhotic patients generally present with candidemia (>50%). However, intraabdominal candidiasis (IAC) which includes peritonitis and abdominal abscesses is also commonly reported (40%). 19, 28 ICU admission and mortality are found to be higher in liver transplant recipients (LTRs) with candidemia compared to those with abdominal candidiasis. 29 More than one species of Candida spp. is frequently observed in patients presenting with abdominal candidiasis. 28, 30 Recent evidence suggests that the occurrence of SFP due to Candida spp. among critically ill patients with decompensated ESLD is comparable to SBP (10% and 14% respectively), which could mean that SFP may not be as rare a complication in LD patients as that described in previous studies. 31 Also, SFP in patients with cirrhosis is associated with worse outcomes, specifically severe sepsis/ septic shock (87.5% vs. 42 Until recently, the most common isolated species during nosocomial IC was C. albicans; however, with changing epidemiology depending on geographical location, non-C. albicans has emerged as the predominant species in many countries. 33 C. glabrata is recognized as the most common cause of candidemia in the USA and Europe. 34, 35 However, in Asian countries such as India and Singapore, the proportion of C. tropicalis was found to be one of the highest non-C. albicans in ICU settings, even outweighing the proportion of C. albicans. 36, 37 Candida spp. trends in LD patients relate to the epidemiological data of Asian countries. Although C. albicans infections are still a majority of Candida infection among LD patients, there has been increasing prevalence of non-albicans isolates. 38 However, the proportion of C. parapsilosis appears to be higher in LTRs (Table 2) . This pattern seems similar to patients with neutropenia where the second most isolated species is C. parapsilosis. 39 Central venous lines and the use of parenteral nutrition are also more likely to be associated with C. parapsilosis compared to other fungal species. 40 Increasing prevalence of infection by non-albicans spp., especially fluconazole-resistant C. parapsilosis among post-liver transplant patients is probably also due to long-standing adoption of antifungal prophylaxis among these patients and coincides with the history of temporal trend of prevalent use of fluconazole in mid-and late-1990s. [41] [42] [43] Table 2 summarizes the common Candida spp. responsible for IC in LD and liver transplantation patients. In spite of antifungal therapy, mortality can exceed 30%-40% in IC patients. 18 Due to the increased dispensing of fluconazole for treating candidemia in LTRs with IC, resistance to fluconazole has reached 57% mostly among non-albicans Candida spp., and class effects of drug resistance among azoles have also been reported. 41, 44, 45 More recently, emerging resistance to echinocandins among C. glabrata has also been observed. 46 Elevation of chitin levels in C. albicans cell wall was shown to decrease echinocandin's susceptibility in vitro, and in vivo resistance to caspofungin was observed in both isolates of C. albicans and non-albicans (e.g., C. parapsilosis and C. krusei). 47, 48 Above all, echinocandin resistance is significant among LTRs with IAC (4.8%), especially in those under long exposure. 28, 49, 50 This may be attributed to the development of point mutations of FKS genes among resistant species. 51 Although echinocandin-resistant isolates are rare in the Asian setting, evidence suggests that non-albicans species such as C. tropicalis and C. glabrata are becoming more resistant to echinocandins due to FKS mutations. 52 Moreover, C. parapsilosis has higher minimal inhibitory concentration (MIC) to echinocandins than others, and the effects of echinocandins on C. parapsilosis are inconstant. 53 In clinical trials, however, there has been a response to most C. parapsilosis complex infections with echinocandin therapy, regardless of reduced in vitro susceptibility. 54 This may be probably explained by the species' relatively lower virulence. 54 The recent emergence of novel species aggravates resistance, for example, C. auris, which is resistant to multiple classes of drugs including echinocandins. 55 In a recent retrospective study of candidemia and IAC in patients with liver cirrhosis, higher mortality rates were associated with C. tropicalis candidemia compared to C. parapsilosis. 30 C. tropicalis is considered highly virulent due to its ability to form true hyphae, complex biofilm in vitro and produce proteinases, phospholipases and hemolysins. 56 
Formation of biofilms by Candida
Candida infections can form biofilms on both biotic and abiotic surfaces. 57 Biofilm formation by Candida spp. is clinically associated with higher mortality and currently there is no reference method available for antifungal susceptibility testing of biofilms. 58, 59 Central venous catheters (CVCs) and peripherally inserted central catheters are the common sites of biofilm formation by Candida spp. in nosocomial environments that persist as a reservoir of infective cells and may even inhibit the entry of antifungal drugs into the matrix. 58, 60, 61 The problem is further exacerbated due to different complex mechanisms for each species, which are still not fully known. 62, 63 Biofilm formation is more frequently reported in non-albicans, especially C. tropicalis (70%) and C. glabrata (63.6%) compared to C. albicans (26.2%). 64 C. auris also has strong biofilm forming capability, which even renders echinocandins inactive. [65] [66] [67] Medical devices such as urinary catheters and CVCs are particularly prone to forming biofilms as they can act as potential substrates for fungal growth. 68 Since hepatic patients in the ICU setting often need medical devices such as CVCs, biofilm formation by Candida spp. is highly relevant as it can potentially complicate the implications of candidiasis in LD patients.
Studies have demonstrated that adherent host immune cells may actively produce factors that promote biofilm formation of C. albicans. 69 Biofilms can also act as an interactive physiological shear, where leucocytes can adhere and generate pro-inflammatory cytokines while downregulating other anti-inflammatory cytokines to render a favorable environment for biofilm growth. 69, 70 In advanced LD patients, 
809
echinocandins for invasive candidiasis in liver disease and liver transplantation systemic inflammation is manifested as a form of activated circulating immune cells and increased serum levels of proinflammatory cytokines, which in turn increases the likelihood of biofilm formation. 5 
Diagnosis
Delayed diagnosis of Candida infection among LD patients is associated with a poor prognosis and high mortality. 71 Timely initiation of antifungal treatment for IC can improve patient outcomes and health care costs. 72, 73 It follows that established early diagnosis through risk factor analysis, epidemiology and novel predictive markers are all important to determine the timely use of antifungal agents in these patients. 74, 75 Diagnosis of IC is largely based on blood culture, although it can be nonspecific, insensitive and takes at least 48-72 hours due to slow multiplication rate of Candida. 39, 76 Blood cultures may take much longer than nonculture tests to diagnose IC, and sensitivity for blood culture was lowest (17%) compared to other non-culture methods such as (1,3)-b-D-glucan (BDG) (62%) and PCR (88%) for deepseated candidiasis. 77, 78 Some clinical guidelines and studies suggest that BDG could be used to establish IC in LTRs and correlates with higher mortality. 79 Combination of mannan antigen and anti-mannan antibody had sensitivity of 83% and specificity of 86%. 56 A meta-analysis of PCR-based methods on blood samples for the diagnosis of IC reported an overall sensitivity and specificity of 0.95 (95% CI: 0.88-0.98) and 0.92 (95% CI 0.88-0.95), respectively. 80 However, various different assays were included. The performance of individual assays varied with sensitivity as low as 0.77. Additional standardization is required to optimize the utility of PCR-based tests in the diagnosis of IC.
Although non-invasive tests can facilitate diagnosis, they are not superior compared to blood culture, which is the current gold standard. 81 They may still lack sensitivity, specificity or both, and are unable to differentiate between active infection and inactive/dormant stage of microbes. 77 The aforementioned disadvantages of currently available invasive and non-invasive diagnostic tools principally contribute to a delay in diagnosis. Table 3 lists various advantages and disadvantages of the diagnostic tests for IC in LD and liver transplantation patients.
As delayed culture report results can postpone treatment initiation and increase morbidity and mortality, many • Long incubation time 77 • Limited sensitivity for deep-seated candidiasis 77, 149 • C. glabrata takes longer time to positivity than C. albicans in IC patients 150 Peritoneal fluid culture
• Gold standard for diagnosis of SFP
151
• Good sensitivity, positive and negative predictive values for peritonitis observed in ICU patients with high risk factors 152 • Associated with mortality in ICU patients 153 • easy to differentiate between SFP and peritonitis resulting from preexisting liver disease 154 • Long turnover time for growth of Candida spp. 39 The Candida colonization index, which is a ratio of a division of a number of different body sites colonized by same strains by the total number of body sites investigated, is another score to predict the risk of developing IC (specificity: 79%, sensitivity: 67% and predictive validity: 66%). 82, 83 These scores have good negative predictive value (range: 84%-96%) but have poor positive predictive value (range: 25%-47%). 84 These risk models are more useful in identifying patients who are unlikely to benefit from antifungal therapy and help minimize unnecessary use of antifungal agents. 84 Traditionally, these risk models are used for evaluating patients admitted to ICU. Although these scoring systems provide a framework for assessing risk factors for IC, the applicability of these scoring systems in patients with chronic LD has not been validated. Further evaluation of risk factors for IC in this unique patient group is required to establish appropriate risk scoring tools.
Antifungal susceptibility testing of fungal species determines the MIC, which may predict the likelihood of efficacy of the antifungal therapy. 85 However, caspofungin susceptibility testing has been reported to have limited reproducibility between different testing laboratories. 86 In addition, characteristic mutations in FKS genes among non-albicans isolates is the only independent risk factor of failure of echinocandins, and testing for FKS mutations can be a better predictor of therapeutic responses as well as indicator of likelihood of treatment success for echinocandins. 87 
Role of echinocandins in invasive candidiasis
With increasing prevalence of azole-resistant non-albicans spp., most guidelines recommend echinocandins as a firstline treatment for IC, especially in critically ill patients. 88, 89 Generally low MICs of echinocandins for all Candida spp. and low resistance compared to azoles make them favorable for eradication of different Candida spp. 90 Echinocandins are also active within biofilms. 91 However, definitive treatment should be always modified according to the culture data, and stepdown definitive therapy to azole should be considered if possible. 92, 93 Empirical treatment presupposes the likelihood of microbial infection and is largely driven by the minimal indications such as fever. 23 However, inappropriate choice of antifungals for empirical therapy for IC can increase selective pressure of Candida and hence result in microbial resistance.
The American Association for the Study of Liver Diseases and the American Society of Transplantation particularly recommend caspofungin for prophylactic usage in LD patients with high risks such as those who would undergo choledochojejunostomy or re-transplantation. 94 The guidelines, however, do not differentiate among caspofungin, anidulafungin and micafungin for treatment of IC, as none of them is found to be superior to the other. 95, 96 It is also important to note that there are differences in approved indications, for instance, anidulafungin is not approved for prophylaxis of IC or for pediatric use.
echinocandins: similar yet different
There are currently no data demonstrating head-to-head superiority among echinocandins. Some limited retrospective studies, including a switching study in cancer patients with hepatotoxicity, have, however, observed an improvement in liver function after switching patients from caspofungin to anidulafungin. 97, 98 Yet, there are still differences in structure, pharmacokinetics and pharmacodynamics, which may have potential implications on drug selections. Table 4 compares these features among the three available echinocandins for management of IC.
Echinocandins comprise of a cyclic lipopeptide core (nucleus) with an N-linked acyl fatty acid chain, which is the most important structural feature of this class. 99 Structurally, anidulafungin's side chain is markedly lipophilic in comparison with the side chains of the other two echinocandins. 99 Unlike caspofungin and micafungin, anidulafungin's metabolic pathway does not involve liver and it is rather spontaneously degraded by itself in plasma. 100 Also unlike caspofungin and micafungin, which are readily soluble in plasma, anidulafungin does not freely dissolve in plasma. 101 These differences probably account for anidulafungin's longer distribution (due to the lipophilic side chain) and mean elimination half-lives (due to slow degradation in plasma) as well as greater volume of distribution. • Powerful CYP inducers or inhibitors* (clinically insignificant) • Rifampicin (clinically significant) • Tacrolimus (clinically significant) • Cyclosporine (clinically significant)
• Cyclosporine (clinically significant) • Sirolimus, nifedipine (clinically insignificant)
• Cyclosporine (clinically insignificant)
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In a study comparing the in vitro activity of echinocandins, the MIC of caspofungin for C. albicans was found to be greater than the MIC of micafungin and anidulafungin. 102 Caspofungin also showed the weakest sterilizing activity compared to the other two echinocandins. 102 Another study reported that the AUC/MIC for anidulafungin is greater than the other two echinocandins for both wild-type and FKSmutated C. glabrata. 103 Although post-anti-fungal effects (PAFE) are variable depending upon MIC concentration as well as Candida spp., PAFE of anidulafungin and caspofungin is reported to be longer than that of micafungin for C. albicans and C. parapsilosis.
104,105
Differences among echinocandins in liver disease patients Pharmacokinetics (PK) of echinocandins, especially with regards to metabolism and elimination, can be affected by hepatic impairment in LD patients. 106 Multiple organ failure is also common in LD patients, mostly triggered by viral hepatitis and alcoholic hepatitis. 107 One retrospective study reported that 94% of the patients with cirrhosis required admission to the ICU within a 10-year period. 108 LD patients admitted to ICU have a reported mortality rate of 34%-69%. 109, 110 Half to one-third of Candida infections also occur in critically ill (ICU) patients where pathophysiological alterations in terms of hemodynamics and plasma protein levels also modify the distribution of the drugs. 106, 111 Therefore, PK of drugs in LD patients, especially those who are critically ill, can appear to be variable and difficult to predict. 106 Table  5 summarizes the PK of echinocandins in LD and critically ill patients.
Caspofungin
Caspofungin is transformed in the liver. It is hydrolyzed to M0 (main metabolite) and M1. M2 is formed by N-acetylation of M1. These metabolites are then eliminated via urine. A slight elevation in caspofungin concentrations has been observed in mild hepatic insufficiency, but was judged as clinically irrelevant. For patients with moderate hepatic impairment, reduction of the maintenance dose to 35 mg/d is required. However, dose reduction in critically ill patients with moderate hepatic dysfunction may achieve sub-therapeutic caspofungin exposure and efficacy if the dose is adjusted. This is probably because of hypoalbuminemia and effects of low albumin levels on caspofungin metabolism. 112, 113 Advanced LD is also associated with hypoalbuminemia and a similar trend may also be observed.
Among surgical ICU patients, higher exposure of caspofungin was observed in one study. 114 However, in the nonsurgical ICU setting, caspofungin PK was comparable to that in non-critically ill patients. 115, 116 Although there are few drug interactions with echinocandins in general, caspofungin interacts the most with other medications among the three echinocandin drugs. Caspofungin is a poor substrate for cytochrome P450 enzymes, hence co-administration with powerful CYP inducers or inhibitors such as phenytoin and carbamazepine may result in altered clearance and plasma concentration, which are found to be clinically insignificant. However, there have been speculations that caspofungin may interact with halogenated penicillins such as flucloxacillin, nafcillin and dicloxacillin as they have potential to induce CYP3A4 enzyme. [117] [118] [119] [120] 
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echinocandins for invasive candidiasis in liver disease and liver transplantation have also been documented. A momentary increase in AUC (61% increase) of caspofungin was found on day 1, while its trough concentration dropped to 14%-31% after 14 days. 121 Dose adjustment of tacrolimus may also be necessary as reduction of Cmax of tacrolimus (up to 20%) was observed when co-administered with caspofungin. 122 The most relevant drug interaction is with cyclosporine; co-administration with cyclosporine increases the plasma concentration of caspofungin up to 35%. 123 
Micafungin
Micafungin is metabolized in the liver by non-CYP enzymes largely into the inactive metabolites M-1, M-2 and M-5. These metabolites are excreted mainly via feces. 106 It is also a weak inhibitor of CYP3A, but its clinical significance is unknown. 106 Micafungin is known to have low hepatic extraction ratio with high plasma protein binding, and hence theoretically although its total plasma concentration may decrease in some clinical scenarios, its unbound concentration is likely to remain the same at steady state level. 124 However, as these enzymes are also present in other organs besides the liver, the extent of the overall impact of impairment in these enzymes in LD patients that will contribute to the metabolism of these drugs is unknown. 125 While lower AUC in moderate and severe LD patients has been reported, the changes are however clinically irrelevant and dose adjustments are not recommended for any severity of LD patients. 125 In some studies, increase in micafungin clearance was observed due to decreased protein binding resulting from low albumin levels in LD patients; the clinical relevance in LD patients is, however, not conclusive. 126 The PK of micafungin is very well defined in noncritically ill patients and seems to be similar in critically ill patients. 127 However, increase in dose is recommended for critically ill patients infected with higher MIC Candida spp or C. parapsilosis. 126 With regards to PK of micafungin in ICU patients, AUC is reported to be lower than the reference population, and strong positive correlation of AUC and sequential organ failure assessment (SOFA) score as well as negative correlation of AUC level and body weight has been observed. 128 The most clinically significant drug interaction is with cyclosporine. A 15% reduction in clearance of cyclosporine 169 Case study of ICU patient with Child-Pugh score B9 (70 mg on day 1 followed by maintenance dose of 50 mg/day)
• AUC is comparable to that of healthy subjects (no higher systemic exposure is observed) • Dose reduction is not recommended Spriet et al 169 Case study of ICU patient with Child A liver cirrhosis and transjugular intrahepatic portosystemic shunt
• Similar exposure and PK parameters compared to the healthy volunteers • Dose reduction not recommended
Undre et al 124 Single dose, open-label with severe hepatic dysfunction (Child-Pugh score 10-12)
• Low Cmax, low AUC in severe LD patients compared to healthy subjects (not clinically relevant) Hebert et al 125 Phase 1, parallel-group, open-label PK study of single dose Iv micafungin in eight moderate LD patients (Child-Pugh score 7-9)
• Lower AUC, Cmax in moderate LD patients compared to healthy volunteers, but no difference in clearance and volume of distribution or half-life • No change in unbound plasma concentration compared to that of healthy controls.
• Given that low AUC is attributed to weight difference, dose reduction is not recommended Anidulafungin Dowell et al 133 Phase 1, open-label, single-dose prospective study in adult patients at two clinical sites PK parameters of mild and moderate LD patients were comparable to healthy controls. Decreases in AUC and Cmax in severe LD patients were observed compared to healthy subjects (not clinically relevant, probably due to increase in vD due to ascites and edema). However, half-life in LD patients was comparable to healthy subjects 
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Yeoh et al when co-administered with micafungin was observed to be clinically significant. 129 Although interactions with nifedipine and sirolimus have not been widely mentioned in the literature, there are speculations that they may affect the PK of micafungin, and hence caution should be applied when micafungin is given with these medications concomitantly. 130 Hepatotoxicity and potential for hepatic tumors, however, is a concern with micafungin. 106 Abnormal liver function tests have been noted after administration of micafungin to healthy volunteers. In rats, foci of altered hepatocytes and hepatocellular tumors were found to emerge with micafungin exposure after 3 months. 100 Therefore, the European Medicines Agency and other regulatory authorities have restricted the indication of micafungin as follows: "The decision to use Mycamine should take into account a potential risk for the development of liver tumors. Mycamine should therefore only be used if other antifungals are not appropriate".
131,132
Anidulafungin
Anidulafungin undergoes non-hepatic slow degradation and the metabolites are eliminated via biliary excretion in feces. No difference in anidulafungin PK was observed in LD patients compared to that in the healthy volunteers, implying that no dose adjustment is needed. 121 Statistically significant yet not clinically relevant decreases of AUC and Cmax were, however, found in patients with severe LD compared to healthy controls. 133 This was attributed to ascites and edema, leading to increase in volume of distribution.
In critically ill patients, anidulafungin exposure was slightly lower yet comparable to healthy volunteers. 134, 135 Also, the Model for End-Stage Liver Disease score and albumin levels were not found to affect the PK of anidulafungin in critically ill patients. 136 This slightly low exposure of anidulafungin in critically ill patients was attributed to many different factors such as body weight, body water volume and altered renal clearance. 137 Not many drug interactions with concomitant medications have been known except a slight increase in AUC when coadministered with cyclosporine, which was found clinically insignificant.
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Conclusion
The precise differences between the three echinocandins in the antifungal armamentarium are still unfolding. There is no prospective comparative efficacy and safety data for echinocandins and hence the guidelines do not differentiate the echinocandins for management of IC. Conversely, there are major pharmacokinetic and pharmacodynamic differences within three echinocandins that are likely to play an important role in selection of appropriate agents especially in patients with LD. Hence, the "one-size-fits-all-approach" may be successful for some patients but may not be successful for management of IC in LD patients. Careful selection of appropriate echinocandin is required in this subset of patients to achieve the goal of precision medicine to target the right medicine to the right patient. Among the three echinocandins, anidulafungin has possible advantages mainly due to its unique non-hepatic metabolism, more predictable PK and good tolerability. However, this needs to be further supported by future large-scale prospective comparative studies.
